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Sodium balance and blood pressure response to salt ingestion in
uninephrectomized rats. The possible role of extracellular volume
(ECV) expansion in prandial/postprandial natriuresis was evalu-
ated in control, sham-operated (SO), and uninephrectomized
(UNX) male Wistar rats fed a 0.64 (normal salt, NS) or 8 (high
salt, HS) g% NaCl diet for seven days after UNX. We thus
determined daily NaCl, diet, and water intake and Evans blue and
inulin spaces on day 7. Finally, we determined Na and water
clearance after a single i.g. Na load (581 mmol/100 g body weight)
under chloralose/ketamine anesthesia in UNX and control HS
rats. NaCl, diet, and water intakes were comparable beyond day 5.
Plasma volume and ECV were similar in all groups. With NS diet,
glomerular filtration rate (GFR) in UNX was compensated but
lower than that of SO rats (0.55 vs. 0.74 ml/min per 100 g body
weight). Blood pressure (BP) was 111 mm Hg in SO controls and
112 mm Hg in the UNX group. After oral Na loading, BP rose in
both groups and remained higher in UNX (134 vs. 126 mm Hg at
15 minutes, 130 vs. 118 mm Hg at 225 minutes). Cumulative Na
and water excretions were similar (513 and 610 mmol/100 g body
weight, 1.97 and 2.35 ml/100 g body weight in SO and UNX,
respectively). Chronically salt-loaded UNX rats seem to maintain
dietary Na balance by mechanism(s) other than volume expan-
sion.
Innate limits to renal Na excretory capacity are believed
to be an important component in the development of
salt-sensitive hypertension. However, although possibly of
major importance, neither the physiological determinants
of this functional renal characteristic nor its interrelation-
ship with the mechanisms maintaining systemic Na balance
has attracted much attention. We therefore studied the
time course of postprandial natriuresis in chronically salt-
loaded uninephrectomized (UNX) rats, a model of mild
renal mass reduction that may correspond to early-stage
chronic renal disease, under chloralose/ketamine anesthe-
sia, which preserves postprandial Na balance [1].
METHODS
Wistar rats (initial body weight of 180 to 223 g; Charles
River, Sulzfeld, Germany) were used in three series of
experiments. In series 1, weight gain and consumption of
food, Na, and water were determined daily for seven days
in six subgroups [intact, time controls (N 5 8 and 8), UNX
(N 5 6 and 8), and sham-operated (SO) rats (N 5 7 and 8),
fed a standard diet containing either 0.64 (normal salt, NS)
or 8 (high salt, HS) g NaCl/100 g (Altromin, Lage, Germa-
ny)]. Water was offered ad libitum. In series 2, control rats
were fed the NS diet in parallel to 20 UNX and 20 SO rats
fed the HS diet for seven days. Evans blue and inulin spaces
were measured in all animals at approximately 10 a.m. and
in two further UNX and SO groups at 5 a.m. For inulin
space measurements, rats were anesthetized with Inactin
(100 mg/kg body weight i.p.; Byk-Gulden, Constance, Ger-
many). The right femoral artery and vein were cannulated
and 0.5 ml 20 mg/dl Evans blue solution injected i.v. over
three minutes. After 10 minutes, 0.5 ml arterial blood was
collected for determination of Evans blue by photometry.
Renal vessels were clamped bilaterally at the hilus to
prevent renal inulin loss, and 0.5 ml 12.5% inulin solution
was injected i.v. After 30 minutes, 1.0 ml arterial blood was
withdrawn to measure the inulin concentration. Plasma
volume was determined from the dilution of Evans blue
after extrapolation to zero time. Inulin space was calculated
as an index of extracellular fluid volume (ECV). In series 3,
UNX or SO rats (each N 5 6) were fed HS diet for seven
days. On day 7, diet was restricted to 20 g (70% to 80% of
the usual intake) so that the subsequent gavage could be
given with an empty stomach and jejunum. At 10 a.m. on
the following morning, the clearance study was com-
menced. Rats (N 5 12) were anesthetized with chloralose
(140 mg/kg body weight i.v.; Merck, Darmstadt, Germany)
and ketamine (30 mg/kg body weight i.m.; Sigma, Deisen-
hofen, Germany). A constant i.v. infusion of (in mM) 77
NaCl, 58 glucose, 125 g/1 polyfructosan (Inutest, Laevosan
Linz, Austria) at 0.3 ml/h per 100 g body weight was begun.
The bladder was catheterized for urine collection, and a
stomach tube was inserted via an esophagostomy. After a
30-minute equilibration period, twelve 30-minute urine
collections were started. Arterial blood samples (60 ml)
were taken regularly for determination of inulin. At the
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beginning of the fourth clearance period, a mixture of 4 ml
H2O plus 1 g powdered HS diet was given i.g. at 2 ml/100
g body weight. The Na load was thus 580.8 mmol NaCl/100
g body weight. [Na] and [K] in plasma and urine samples
were determined by flame photometry. Plasma protein was
measured by the Biuret method (Boehringer Mannheim,
Mannheim, Germany). Inulin was determined in plasma
and urine by the anthrone method. GFR was calculated
using the standard formula. In all series, dietary treatment
began two to four days after UNX. Data are given as means
6 SEM. Differences between two groups were compared
using Student’s t-test for unpaired samples. Differences
between baseline and subsequent data within one group
were compared by analysis of variance followed by
Scheffe’s test. P , 0.05 was regarded as significant.
RESULTS
Figure 1 and Table 1A show the mean daily intake of
diet, water, and Na for the NS and HS diets in intact, SO,
and UNX rats. The intake of NS diet was not significantly
different in any of the three groups; that of the HS diet in
UNX and SO rats was significantly less in intact controls for
the first two days and, on day 1, less than the consumption
of NS diet. After day 4, consumption of both diets was
Fig. 1. Mean daily intake of normal and 8 g%
NaCl diet during a seven-day feeding period in
control (M), sham-operated (V), and
uninephrectomized () rats.
Table 1A. Weight gain during and Na and water consumption on the last day of the seven-day dietary treatment period (series 1)
Diet
Na mmol/day Water ml/day Total weight gain g/7 days
UNX Sham Control UNX Sham Control UNX Sham Control
High salt 27.3 6 4.7 26.4 6 4.7 30.6 6 3.8 85.5 6 21.7 80.6 6 25.5 80.0 6 10.3 21.3 6 15.7 20.7 6 11.9 32.1 6 7.2
Normal salt 2.3 6 0.2 1.9 6 1.0 2.28 6 0.23 31.2 6 3.6 30.4 6 6.0 29.6 6 2.6 44.7 6 3.1 46.5 6 8.6 33.0 6 6.9
Uninephrectomized rats (UNX), sham-operated rats (Sham), and intact, time-control rats (Control) were fed either a normal (NS, Na content 0.64 g
NaCl/100 g diet), or a salt-enriched (HS, Na content 8 g NaCl/100 g diet) diet. Data are means 6 SD.
Table 1B. Plasma Na concentration, plasma protein concentration, and hematocrit measured on the day on which extracellular spaces were
measured
Diet
PNa mM Hct % Pprot g/dl
UNX Sham Control UNX Sham Control UNX Sham Control
High salt 142.1 6 1.9 143.2 6 2.3 143.0 6 1.4 43.2 6 2.0 45.6 6 1.1 46.7 6 1.7 5.93 6 0.27 5.87 6 0.25 6.30 6 0.37
Normal salt 139.1 6 2.6 141.8 6 1.8 140.8 6 0.8 43.1 6 1.2 44.9 6 2.8 45.7 6 1.0 6.01 6 0.26 6.12 6 0.12 6.12 6 0.29
Data are means 6 SD.
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similar in all groups. Water and Na intake were thus similar
in all rats on day 7, whereas UNX and SO rats fed the HS
diet had gained significantly less weight over the entire
treatment period. Plasma [Na] (Table 1B) was significantly
increased in all Na-loaded rats compared with the corre-
sponding groups on normal diet.
Figure 2 shows the Evans blue and inulin spaces in intact
controls fed NS diet and in SO and UNX rats fed HS diet.
There were no significant differences either between
groups or between 5 and 10 a.m. As shown in Table 1B,
there were no significant changes in either plasma protein
or hematocrit.
Figure 3 shows the time course of urinary Na excretion
(UNaV) and mean arterial pressure (MAP) after acute i.g.
loading in SO and UNX rats. MAP before gavage was not
different. Within 30 minutes after gavage, MAP rose clearly
in both groups: from 111 6 6 to 132 6 3 mm Hg in SO and
from 112 6 7 to 137 6 5 mm Hg in UNX. Thereafter, MAP
tended to be higher in UNX than in SO, although this did
not reach significance in the tests applied. UNaV reached
peaks of 147 6 13 and 136 6 29 mmol/100 g body weight in
SO and UNX, respectively (NS), within 60 minutes but
declined more rapidly in SO so that by the seventh and
eighth clearance periods, it was significantly higher (P ,
0.05) in UNX. Cumulative Na excretion for SO and UNX
at 270 minutes (513 6 46 and 610 6 59 mmol/l00 g body
weight) were similar (NS) and corresponded to 88% and
106%, respectively, of the i.g. load. In SO GFR 45 minutes
before and 135 minutes after i.g. Na loading was 0.74 6
0.09 and 0.90 6 0.05 ml/min per 100 g body weight,
respectively, both values were significantly higher than in
UNX (0.55 6 0.03 and 0.72 6 0.03 ml/min/100 g body
weight, respectively). The increment in GFR in UNX after
i.g. Na loading was significant. There were no differences in
plasma [Na], [K], or protein concentration or plasma
osmolality between SO and UNX at the end of the obser-
vation period after gavage (Table 2). Water excretion rates
paralleled those of Na. Cumulative water excretion was
1.97 6 0.13 and 2.35 6 0.23 ml/100 g body weight in SO and
UNX, respectively. On the other hand, K excretion after
the Na load was sluggish in UNX, resulting in lower
cumulative excretion of K (159 6 26 mmol/100 g body
weight in SO and 128 6 10 mmol/100 g body weight in
UNX).
DISCUSSION
Two results of this study appear to be of major impor-
tance. The first is that by day 7 of dietary treatment in
UNX, Na (up to about 30 mmol NaCl per day), water, and
diet turnover rates were comparable in all groups. Thus, in
the salt-loaded groups, the (daily) ratio between Na con-
sumption and water consumption (which matches the ex-
creted urine and probably represents the “maximal achiev-
able” [Na]) [6] was also similar. Total renal mass seven days
after UNX was about 70% of control [7–10], and GFR was
only 75% of controls. UNX rats thus apparently balance
the daily Na load by (renal) mechanisms independent of
the functional renal mass. Previous reports have shown that
basal Na excretion rate is maintained after UNX by adap-
tive reduction of fractional Na reabsorption, even before
the hypertrophy of the remnant kidney [11].
All groups of rats balance this Na load without significant
ECV expansion, even when the inulin space was deter-
mined at 5 a.m., by which time the rats have ingested more
than 80% of their daily food and water intake. Because in
Na-loaded groups this Na turnover is some four times
greater than the animal’s Na content, and the water
turnover approximates the animal’s entire water content,
Fig. 2. Evans blue and inulin space in control
rats given control diet for seven days and sham
or uninephrectomized (UNX) rats given an 8
g% NaCl diet for seven days. Means 6 SD.
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intake and output of both Na and water seem to be
continuously balanced without significant expansion of the
extracellular volumes (Fig. 2) [2]. Thus, the balance of an
increased Na intake by an appropriate increase of renal Na
excretion can be induced effectively by signals other than
the volume of the intravascular or extracellular space.
Candidate signals might be sensory signals from the taste
buds or intestinal tract and/or the increase of plasma [Na]
(Table 1B). Increased Na consumption and/or [Na] in the
CSF may activate Na sensors that are assumed to be
localized in the hypothalamus anterior to the third ventricle
[3]. Interestingly, activation of this hypothalamic center
also elicits a pressor response, vasopressin secretion, and a
rise of GFR [4]. Similar rises in plasma [Na] in response to
hypertonic stimuli have been reported in human subjects
after a HS meal [5].
The second major finding is the Na excretory velocity in
SO and UNX under ketamine/chloralose anesthesia. Un-
der this anesthesia, rats given Na and water i.g. at ratios of
about 300 mmol NaCl/l H2O (compare with corresponding
data from conscious rats in Table 1) maintain Na balance at
a rate similar to conscious animals [6]. In addition, a gastric
load of this magnitude increases plasma [Na] by about 2
mM (C. Metz, D. A. Ha¨berle, unpublished observations;
Table 1B) 120 minutes after gavage. It is thus reasonable to
assume that under these experimental conditions, Na bal-
ance is maintained by mechanisms comparable to those in
conscious rats.
Interestingly, postprandial natriuresis in UNX was char-
acterized by more distinctive MAP and GFR increases and
a slower rise in natriuresis than in SO. Because the bulk of
the gavage (i.e., 66%) is reabsorbed within 120 minutes [1],
these differences presumably result from slower renal
excretion rather than slower intestinal reabsorption. If one
accepts that postprandial Na balance is achieved by a
pattern of humoral signals with very short half-lives (due to
rapid elimination of the signal substance(s) by the kidneys,
as suggested also by the poor natriuresis generally observed
in recipient animals cross-circulated from Na-loaded do-
nors), one may speculate that the reduction of renal mass
by UNX slows elimination of these signals (and/or in-
creases plasma concentration), resulting in maintenance of
raised renal Na excretion for longer. In this respect, it
might be relevant that UNX stimulates secretion of hypo-
physeal g-melanocyte-stimulating hormone, which is natri-
uretic when infused into vein or renal artery in intact
anesthetized rats [12, 13]. Other studies also imply a
humoral efferent mechanism in central nervous system-
induced natriuresis [14, 15].
In summary, UNX is a model of mild renal mass
reduction that alone does not cause immediate hyperten-
sion or Na retention. The “adaptive” effects of longer and
Fig. 3. Mean blood pressure and sodium
excretion rates (per 30 min) in sham (circles)
or uninephrectomized (UNX) rats treated for
seven days with 8 g% NaCl diet (triangles)
before and after an acute intragastric gavage
(arrow) of NaCl and water. Means 6 SEM.
Table 2. Plasma osmolality (POsm), plasma Na (PNa), potassium (PK), and plasma protein concentration (Pprot) at the end of the 12th clearance
period (series 3)
Diet
PNa mM PK mM Pprot g/dl POsm mOsm/liter
UNX Sham UNX Sham UNX Sham UNX Sham
High salt 140.1 6 1.1 140.5 6 3.1 4.25 6 0.4 4.18 6 0.22 5.41 6 0.05 5.34 6 0.24 292.7 6 1.1 292.7 6 4.1
Data are means 6 SD.
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more intensive responses of renal excretory functions to
challenges of Na and water homeostasis may carry a
potential for progressive renal impairment by inducing
hyperfiltration in the remnant kidney.
APPENDIX
Abbreviations used in this article are: BP, blood pressure; ECV,
extracellular volume; GFR, glomerular filtration rate; HS, high salt; MAP,
mean arterial pressure; NS, normal salt; SO, sham-operated; UNX,
uninephrectomized; UNaV, urinary Na excretion.
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